Neutrophils are professional phagocytes that constitute the first line of defense in humans. The primary function of neutrophils is to eliminate invading pathogens through oxidative and nonoxidative mechanisms. Because neutrophils rapidly migrate into inflammatory foci via diapedesis and chemotaxis, neutrophil recruitment has long been considered a hallmark of inflammation. Recent advances in intravital microscopic technologies using animal model systems have enabled researchers to directly visualize neutrophil trafficking. Consequently, the specific mechanisms of neutrophil transmigration have been identified, and even the reverse migration of neutrophils can be verified visually. Moreover, the detailed phenomena of neutrophil infiltration into various organs, such as the liver, lymphoid organs, and CNS have been identified. This progress in the study of neutrophil migration from the blood vessels to organs results in a deeper understanding of these immune cells' motility and morphology, which are closely related to the spatiotemporal regulation of the overall immune response. In this review, we discuss our current understanding of neutrophil trafficking in various organs.
Introduction
Neutrophils are the most abundant leukocytes in human blood and comprise the first line of defense in the innate immune system. Neutrophils originate from CD34 + hematopoietic stem cells in the bone marrow. They are terminally differentiated, short-lived cells with a circulating half-life of 1.5-8 h [1] . During differentiation in the bone marrow, neutrophils express several receptors, such as those for pathogen recognition, chemokine receptors, adhesion-associated molecules, FcRs, and cytokine receptors [2] . Mature neutrophils circulate in blood vessels and have a role in immune surveillance by recognizing and neutralizing invading pathogens. These neutrophils rapidly migrate into inflammatory foci where they eliminate invading pathogens through the release of protease-enriched granules, the generation of reactive oxygen species, and the formation of neutrophil-extracellular traps. Neutrophils adhere to endothelial cells at the sites of tissue damage, transmigrate through the endothelial cell layer, and ultimately move to the inflammatory site. Neutrophils migrate to most tissues via postcapillary venules [3] and undergo rolling and tethering through the luminal surface of the endothelial layer, which is composed of glycocalyx [4] . Neutrophils then firmly adhere to and penetrate the endothelial cell layer [5] . Neutrophil trafficking into specific organs is mediated by the unique structure and cellular composition (e.g., the stromal cells and resident immune cells) of the target site [3, 6] . This review outlines our current understanding of neutrophil trafficking. We focus on the general characteristics of neutrophils and discuss the mechanism of their recruitment. Finally, we discuss organ-specific neutrophil trafficking under inflamed conditions.
THE SURFACE OF NEUTROPHILS
The trafficking of neutrophils is initiated by their interactions with endothelial cells. The surface layer of neutrophils is covered with proteoglycans, such as hyaluronan, syndecan-1, syndecan-4, and serglycin ( Fig. 1) . Syndecan-1 [7] , syndecan-4 [8, 9] , and serglycin [10] [11] [12] are directly bound to the membrane of neutrophils, whereas hyaluronan is anchored to CD44, a cellsurface glycoprotein [13] . Neutrophils also have various adhesion molecules such as L-selectin (CD62L) [14] , PSGL-1 (CD162) [15] , and integrins [14] ( Table 1) . The integrins expressed on neutrophils are LFA-1 (a L b 2 ), MAC-1 (a M b 2 ), and VLA-4 (a 4 b 1 ). Although LFA-1 and MAC-1 are constitutively expressed on neutrophils, the expression of VLA-4 on neutrophils progressively decreases during their maturation within the bone marrow [16] . Neutrophils also harbor a variety of chemokine receptors. They express both the CXC family chemokine receptors (CXCR1, CXCR2 [17, 18] , and CXCR4 [19] ) and CC family chemokine receptors (CCR1 [20] , CCR2 [21, 22] , CCR3 [20] , CCR6 [23] , and CCR7 [24] ). Other chemoattractant receptors, such as the complement receptor C5a, formylated peptide (e.g., fMLP) receptor FRR, and LTB 4 receptor BLT1, are also involved in neutrophil chemotaxis [25] . Neutrophils show dynamic changes in their expression of adhesion molecules and chemokine receptors. Neutrophils within the bone marrow adhere to the marrow endothelial cells and stromal cells via VLA-4/VCAM-1 signaling, and the CXCR4/CXCL12 pathway augments this binding [16] . Because the expression of both VLA-4 and CXCR4 on neutrophils decreases during maturation [26] , the downregulation of these signaling pathways ensures that neutrophils egress from the bone marrow [16, 26, 27] . In contrast, the expression of CXCR4 is up-regulated in aged neutrophils [19] , whereas that of CXCR2 [28] and CD62L [19] is down-regulated.
The proteoglycan-enriched surface layer might keep neutrophils away from contact with the adhesion molecules on the endothelial cells [3] . Whether the surface layer of neutrophils is antiadhesive or proadhesive is controversial; however, the charge repulsion induced by negatively charged proteoglycan is considered responsible for the inhibition of their adhesion to endothelial cells [3] . Although the thickness of the neutrophil surface layer has not been reported, the structural characteristics of proteoglycan [29] imply that adhesion molecules and chemokine receptors might be hidden in the neutrophil surface layer [3] . Therefore, this layer is considered to prevent inappropriate interactions between neutrophils and endothelial cells.
The glycoprotein CD44 binds to E-selectin (CD62E) on endothelial cells [30, 31] and also captures hyaluronan on the endothelial cells of liver sinusoids of mice [32] , which are involved in tethering/rolling and arrest/adhesion [33] . L-selectin binds to PSGL-1 [34] and GlyCAM [35] on endothelial cells and is responsible for the tethering/rolling and slow rolling of neutrophils through postcapillary venules [5] . PSGL-1 on neutrophils binds to P-selectin (CD62P) on endothelial cells and is also involved in the tethering/rolling and slow rolling of neutrophils [5] . The integrins on neutrophils participate in their arrest/adhesion and transmigration/diapedesis of neutrophils [5, 33, 36] . LFA-1 binds to ICAM-1 [37] and ICAM-2 [38] on endothelial cells, and is involved in the slow rolling of neutrophils [37] . MAC-1 also binds to ICAM-1 and ICAM-2 on endothelial cells and is considered to be involved in the crawling of neutrophils through vessel walls [39] . In addition, VLA-4 binds to VCAM-1 on endothelial cells [40, 41] .
Thus, various chemokine receptors are expressed on neutrophils. Specific ligands for each chemokine receptor are summarized in Table 1 . These receptors spatially and temporally respond to specific ligands during the trafficking of neutrophils. This fine-tuned regulation of the receptors on the neutrophil surface is critical for a proper innate immune response.
EXTRAVASATION OF NEUTROPHILS
Circulating neutrophils migrate into inflammatory foci to eliminate invading pathogens (Fig. 2) . Therefore, these neutrophils extravasate from blood vessels into the tissue. The extravasation of neutrophils involves the following steps: tethering, rolling, adhesion, crawling, and transmigration. In response to inflammatory stimuli, such as inflammatory cytokines, lipid mediators, PAMPs, and DAMPs [33] , endothelial cells express cell-surface adhesion molecules, namely selectins. Both P-selectin (CD62P) and E-selectin (CD62E) bind to glycosylated ligands expressed on the surface of leukocytes. The binding of selectins with PSGL-1 leads to the loose binding of free-flowing neutrophils to the endothelium, which is called tethering. This loose binding ensures that neutrophils roll in the direction of blood flow. The tethering and rolling of neutrophils facilitate their movement toward the chemokine-enriched endothelium, where integrins mediate firm adhesion and luminal crawling [42] .
In response to invading pathogens, resident Mfs release proinflammatory cytokines, such as TNF-a and IL-1b, which activate endothelial cells. Activated endothelial cells express common endothelial cell surface molecules, namely, ICAM-1 and ICAM-2. Neutrophils constitutively express integrins LFA-1 (CD11a/CD18, aLb2) and MAC-1 (CD11b/CD18, aMb2), which bind to ICAM-1 and ICAM-2. Endothelial cells immobilize chemokines by binding to negatively charged heparan sulfate, which generates chemotactic gradients [5, 43] . Rolling neutrophils bind to chemokines that are anchored to endothelial cells, leading to conformational changes in the LFA-1 and MAC-1 [44] . These conformational changes of LFA-1 and MAC-1 result in an increased avidity and affinity and lead to the full arrest and firm adhesion of neutrophils [33] . Crawling refers to the probing behavior of neutrophils for an appropriate site for transmigration [5] . Neutrophils actively probe surroundings through elongation and the spreading of pseudopods, whereas they firmly adhere to the endothelium [45, 46] . Because of this firm adhesion to the endothelium, neutrophils can migrate under shear conditions. The interaction between ICAM-1 and MAC-1 mediates the crawling of neutrophils [46] . Neutrophils extravasate from blood vessels via paracellular and transcellular routes [47, 48] . Most TEM occurs via junctions between adjacent endothelial cells (paracellular route), whereas a relatively small percentage of neutrophils migrate through the bodies of endothelial cells (transcellular route) [47] . Transmigration is mediated by interactions between integrins (LFA-1, MAC-1, and VLA-4) on neutrophils and CAMs (ICAM-1, ICAM-2, VCAM-1). Endothelial junctional proteins, such as PECAM1, JAMs, and CD99 are also required for the transmigration of neutrophils [42, 47] . Neutrophils preferentially migrate through the paracellular route, and JAM-C prevents the reverse migration of neutrophils [47] .
In inflamed mice tissues, extravasating neutrophils deposit chemokine-containing microparticles called trails [49, 50] . During the final step of transmigration, extravasating neutrophils show an elongation of trails [50] and finally deposit microparticles enriched in chemokine CXCL12 [49] . These neutrophil-derived trails can guide influenza-specific CD8 + T cells into the inflamed tissue [49] .
After neutrophils successfully penetrated endothelial cells, they must overcome the space between pericytes and basement membranes. Pericytes, which are contractile perivascular cells that wrap around endothelial cells [51] , were shown to have an active role in guiding neutrophils to the inflammatory foci in a study using mice [52] . Neutrophils migrate along the interdigitating pericyte layers searching for exit cues (abluminal crawling) [52] . Neutrophils use pericytes as tracks for abluminal crawling and transmigrate into the inflamed tissues through the gaps between adjacent pericytes called hot spots [52] .
REVERSE MIGRATION OF NEUTROPHILS
The trafficking of neutrophils was generally considered to be a 1-way process until recently. Several studies have now confirmed that neutrophils can move in the opposite direction to that expected, a process called "reverse migration" [47, 48, 53] . Several types of neutrophil reverse migration have been identified [48] , including rLC, rTEM, rAC, and rIM, from intravital imaging studies of model organisms, such as mouse or [24] zebrafish [46] [47] [48] 54] . rLC is the movement of neutrophils against the direction of blood flow. rTEM refers to the retrograde transendothelial migration of neutrophils in an abluminal to luminal direction. rAC is the reverse migration of neutrophils in the pericyte layers, migrating away from the interstitial tissue. rIM refers to the migration of neutrophils away from inflammatory foci [48] , which has been observed in zebrafish [55, 56] . Although the reasons and precise mechanisms underlying neutrophil reverse migration are still unclear, recent studies indicate that neutrophil reverse migration can be both a physiologic and a pathologic event. Because monocyte rLC is considered to be an important process for immune surveillance [57] , a possible physiologic role of neutrophil rLC has been suggested [48] . However, further studies are needed to address whether neutrophil rLC is an active process of immune surveillance or occurs merely to detect an exit cue. In contrast, neutrophil rTEM is considered a pathologic process. Because neutrophils are generally primed during transmigration, reverse migrating neutrophils are considered primed. A recent study identified the rTEM of neutrophils from inflammatory foci as responsible for secondary organ injury in remote sites [47] or the systemic dissemination of inflammation [53] . 
NEUTROPHIL MIGRATION TOWARD INFLAMMATORY FOCI
Invading pathogens activate resident sentinel cells such as dendritic cells, Mfs, and mast cells. Responding to PAMPs and DAMPs, resident sentinel cells release proinflammatory cytokines (e.g., TNF-a and IL-1b), and chemoattractants that induce the recruitment of neutrophils to inflammatory foci [36, 58] . The key chemoattractants for neutrophil recruitment into the inflamed tissues are CXCR2 ligands, such as CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and CXCL8 [6, 59] . These molecular signals (e.g., PAMPs, DAMPs, proinflammatory cytokines, and chemoattractants) not only guide neutrophils toward inflammatory foci but also prime the neutrophils. Because the activation of neutrophils is tightly regulated to mitigate possible harmful effects on the host tissue, priming during migration toward inflammatory foci is essential for neutrophils to efficiently eliminate invading pathogens [36, 60] .
Neutrophil migration toward inflammatory foci shows highly coordinated spatiotemporal dynamics called neutrophil swarming [61] . Initially recruited neutrophils aggregate at the inflammatory foci, and a secondary "swarm" of neutrophils is subsequently recruited [61, 62] . Recent intravital microscopy studies have further identified similar phenomena for neutrophil accumulation in various organs, such as lung [63] , spleen [64] , liver [65, 66] , cornea [67] , and brain [68, 69] . Based on these studies, neutrophil swarm formation is now considered a multistep process in response to various stimuli within the tissue environment [54] . An initial stimulus, such as a focal dermal injury, initiates the recruitment of pioneer neutrophils to the injury site. Then, additional neutrophils are recruited to the primary swarm with increased directionality and speed. That swarm formation is further amplified through secondary cell death and intercellular signal relay factors (e.g., LTB4) [70] until dense cell clusters are produced. Finally, neutrophil accumulation ceases, and neutrophil swarming is resolved. The precise mechanism of neutrophil swarm formation has been reviewed elsewhere [54] .
Additionally, necrotic cells or apoptotic cells release a variety of molecules that promote the migration of neutrophils. Necrotaxis refers to chemotaxis toward chemoattractants released from necrotic and apoptotic cells [71] . DAMPs released from necrotic cells, formylated peptides (e.g., fMLP) that are derived from either pathogens or apoptotic cells and lipid mediators are highly chemoattractive for neutrophils and have a higher hierarchy over other chemokines [65] .
Trafficking of neutrophils to the intestine
The infiltration of neutrophils into tissue is a hallmark of inflammatory conditions of the intestine [72, 73] . Neutrophils transmigrate into the mucosal epithelium and accumulate within epithelial crypts and in the intestinal lumen (Fig. 3) . Invading pathogens are detected by local tissue Mfs and dendritic cells [74] , and they release inflammatory cytokines, such as TNF-a and IL-1b. These inflammatory cytokines induce the expression of selectins and ICAM-1 on the surfaces of adjacent endothelial cells; hence, neutrophils adhere to, and transmigrate into, the lamina propria [73] . These infiltrating neutrophils further cross the epithelial barrier and finally accumulate in epithelial crypts and in the intestinal lumen [73, 75] . TEM involves basolateral adhesion, transmigration, apical adhesion, and infiltration into the intestinal lumen. Neutrophils first bind to the basolateral surface of IECs through a MAC-1-dependent mechanism [76] . Although the exact ligands on IECs for MAC-1 have not been identified, fucosylated proteoglycans are considered to be involved in the basolateral binding of neutrophils [77] . IECs are tightly bound to each other via desmosomes, adherens junctions, and tight junctions [75] . Although the exact mechanism of neutrophil transmigration through the paracellular space has not been fully understood, several junctional-adhesion molecules, such as E-cadherins, CD47, Coxsackie, and adenovirus receptors have been reported to be involved in this process [78] [79] [80] . To overcome epithelial barriers, neutrophils release matrix-degrading molecules, such as elastase, which degrades transmembrane proteins such as E-cadherin [78] . Other matrixdegrading molecules, such as matrix metalloproteinases, are also associated with the TEM of neutrophils [81] . After neutrophils successfully migrate across the tight junctions between epithelial cells, they become entrapped within the luminal or apical surfaces of IECs. These neutrophils contribute to the formation of crypt abscesses, which are a classic feature of intestinal infection [75] . Neutrophil entrapment at the apical surface of IECs is mediated by interactions between MAC-1 on neutrophils and adhesive molecules (ICAM-1, CD55, and CD44) on IECs [73, 75] .
Trafficking of neutrophils into liver
Infiltration of neutrophils is found in various liver diseases, such as viral hepatitis, hepatic ischemia/reperfusion injury, nonalcoholic fatty liver disease, alcoholic liver disease, cirrhosis, and hepatic failure [82] . The liver is composed of hepatic lobules. Each lobule consists of hepatocyte plates that radiate from the portal vein to the central vein. The hepatocyte plates are separated by sinusoids, which are extensions of capillaries of the liver vasculature. Sinusoidal endothelial cells are discontinuous and fenestrated, lacking basal lamina and tight junctions [3, 58] . The trafficking of neutrophils occurs mainly in the liver sinusoids (Fig. 4) . Liver-infiltrating neutrophils adhere to the liver sinusoids via a selectin-independent mechanism [83, 84] . Therefore, neutrophils simply tether and adhere to the liver sinusoids without a rolling step [85] .
In sterile inflammation, DAMPs released from damaged or necrotic cells stimulate Kupffer cells to release IL-1b [86] , which induces the up-regulation of ICAM-1 on sinusoidal endothelial cells; neutrophils are recruited to the liver sinusoid via MAC-1-dependent adhesion. These recruited neutrophils further migrate into the liver sinusoid against CXCR2-ligands and formyl peptides [71] .
During liver inflammation in mice, neutrophil trafficking uses CD44/hyaluronan binding rather than MAC-1/ICAM-1 binding [87] . Bacterial-derived LPSs stimulate Kupffer cells and other resident leukocytes to produce IL-10, which induces the downregulation of MAC-1 on neutrophils [82] . However, sinusoidal endothelial cells are enriched with the extracellular matrix glycosaminoglycan hyaluronan, which is a ligand for CD44, a cellsurface glycoprotein found on most leukocytes, including neutrophils [82, 87] . Neutrophils are captured by the endothelial cells of liver sinusoids via CD44/hyaluronan. The inhibition of CD44/hyaluronan binding significantly reduces neutrophil recruitment to the liver [88] . Additionally, LPS activates endothelial cells to undergo transesterification of hyaluronan, resulting in the production of serum-derived, hyaluronan-associated protein, which augments the binding affinity of CD44/ hyaluronan [87] .
Trafficking of neutrophils to the lung
The respiratory tract terminates in the alveoli, which are lined with alveolar cells. Type I alveolar cells are squamous epithelial cells that comprise the structure of the alveolar wall, whereas type II alveolar cells produce surfactants. The lung vasculature is composed of a paved, continuous layer of endothelial cells [3] . Neutrophil trafficking into the lung occurs via both postcapillary venules of the systemic circulation and alveolar capillaries of the pulmonary circulation (Fig. 5) . Respiratory capillaries have smaller diameters than neutrophils have [89, 90] . This constraint leads to a slow transit time for neutrophils within the respiratory capillaries and does not allow neutrophils to undergo tethering or rolling [90] . Furthermore, neutrophils have to deform to pass through respiratory capillaries, resulting in a close apposition of neutrophils and endothelial cells [91, 92] . Therefore, the rolling of neutrophils via CD62L does not occur within pulmonary capillaries [91] . Instead, the margination of neutrophils in the lung is mediated by CXCL12/CXCR4, as previously described [93] . Neutrophils are found in the lung parenchyma and bronchial lumen in secondary lung injuries, such as acute lung disease, pulmonary inflammation, acute respiratory distress syndrome, ischemia reperfusion injury, and chronic obstructive lung disease [63, 94, 95] . Neutrophils transmigrate through respiratory endothelial cell layers via MAC-1-and LFA-1-dependent mechanisms [95] . The precise mechanism of neutrophil infiltration into the bronchial lumen has been reviewed elsewhere [95] . The lung has long been considered a reservoir for neutrophils. Therefore, these lung-infiltrating neutrophils are considered to be senescent cells [96] . The increased expression of CXCR4 in aged neutrophils and CXCR4-mediated neutrophil recruitment to the lung support this notion. Interestingly, neutrophils undergoing rTEM are also recruited to the lung by increased ICAM-1 expression in the lung vasculature [47, 53] . Because rTEM neutrophils undergoing rTEM have been primed during their transmigration through the endothelial cells, lung-recruited neutrophils undergoing rTEM are considered to be involved in secondary lung injury. Therefore, lung-recruited neutrophils are considered to be either primed or aged. However, further studies are required to evaluate whether the lung is the site for the clearance of aged neutrophils or whether aged neutrophils are required for immune surveillance in the lung.
Trafficking of neutrophils into lymphoid organs
Lymphoid organs are organized by specialized postcapillary venules, namely HEVs. HEVs are postcapillary venules characterized by plump endothelial cells [97] , which enable immune cells to traffic into the lymph nodes from the circulation. Neutrophils enter lymph nodes via HEVs [98] [99] [100] [101] . The interactions between CD62L and endothelial cells mediate the tethering and rolling of neutrophils along HEV walls [97, 100, 101] . CD62L on neutrophils recognizes mucin-like glycoproteins on HEV endothelial cells of peripheral lymph nodes.
Subsequently, neutrophils are arrested on the HEV endothelium and finally extravasate (Fig. 6) .
The trafficking of neutrophils is mediated by stromal-cell derived chemokines, such as CCL19 and CCL21. HEV endothelial cells constitutively express these chemokines on the endothelial heparan sulfate [97] . The binding of CCR7 on lymphocytes to heparan sulfate-bound CCL21 on HEV endothelial cells induces a conformational change in LFA-1, which further binds to ICAM-1 or ICAM-2 expressed on HEV endothelial cells [97] . Because neutrophils also express membrane-bound CCR7 upon stimulation, they migrate into the lymph node in response to the CCR7 ligands CCL19 and CCL21 [24] . Because CCL19 and CCL21 also have key roles in guiding immune cells to specific lymph node compartments, it is probable that these signals mediate the distribution of lymph node-infiltrating neutrophils.
Neutrophils also enter the lymph node via afferent lymphatics. After bacterial infections, neutrophils use the lymphatics as a main route for entry into the draining lymph nodes [100, 102, 103] . This neutrophil migration via lymphatics is dependent on MAC-1 and CXCR4, rather than CCR7 and CCL19/21, signaling [100, 103] .
During infection, lymph node-infiltrating neutrophils show a swarm formation [61, 101] . Neutrophils migrate into the infected lymph node and form a small, transient swarm, followed by a large, persistent, secondary swarm [61, 101] . Interestingly, lymph node neutrophils infiltrating the medulla and interfollicular areas avoid crossing follicle borders [101] .
Although the exact role of lymphocyte-infiltrating neutrophils has not been fully understood, lymph node-infiltrating neutrophils are thought to participate in the adaptive immune responses by delivering Ags. Although neutrophils of mice deliver live bacilli [102] and OVA [104] to the draining lymph nodes, it is still unclear whether lymph node-infiltrating neutrophils directly deliver their cargos to the adaptive immune cells of the lymph nodes. Lymph node-infiltrating neutrophils have suppressive effects on adaptive immune responses. Lymph node-infiltrating neutrophils inhibit Ag presentation of CD4 + T cells and B cells [105] . In addition, lymph node-infiltrating neutrophils restrict the early spread of T cell responses via the production of thromboxane A2 by contracting lymphatics [106] .
The egress of neutrophils from the lymph nodes is not fully understood. Generally, this process is mediated by S1P-S1P1 signaling [107] . Neutrophils also express S1P1 [108] , and S1P-S1P1 signaling is involved in the trafficking of neutrophils [109] . However, it is still unclear whether neutrophils use S1P-S1P1 signaling for egress from lymph nodes. Furthermore, it is not fully understood whether the egressed neutrophils participate in the immune reaction or merely home back to the bone marrow or spleen to be cleared.
Spleen is considered analogous to a large lymph node. An important characteristic of the spleen is the absence of HEVs and afferent lymphatics. Immune cells directly enter the spleen through arterioles and enter the red pulp. The trafficking of neutrophils into the spleen is considered to be mediated by its vasculature, and S1P-S1P1 signaling is considered to be involved in the egress of neutrophils into the systemic circulation [110] . Under physiologic conditions, aged neutrophils are cleared from the circulation by reticuloendothelial cells in the spleen [111] . Because the spleen is also an active site for extramedullary hematopoiesis [112] , neutrophils also actively proliferate in the spleen [113, 114] . Enlargement of the spleen (splenomegaly) is associated with the expansion of neutrophils or granulocytic myeloid-derived cells in certain inflammatory diseases and cancer [96, [114] [115] [116] . Neutrophils infiltrating the spleen also participate in immune responses. B cells in the white pulp of the spleen produce large quantities of Abs during infection [117] . During infection, specialized neutrophils in the mantle zone of the spleen, specifically B cell-helper neutrophils, enhance the Ab-producing function of B cells via secreting B cell-activating factor, which is a proliferation-inducing ligand, and IL-21 [117] .
Trafficking of neutrophils into the CNS
The unique anatomic features of the CNS make it an immunologically specialized site. Because classic immune responses, characterized by neutrophil infiltration, might be detrimental to neuronal cells, immune reactions in the CNS need to be tightly regulated [118] . First, the BBB physically restricts inflammation in the CNS. The BBB (the glia limitans, the subarachnoid space, and the pia mater) physically protects the brain parenchyma and restricts the access of leukocytes. Transmembrane adhesion molecules between endothelial cells (such as tight junctions, junctional adhesion molecules, and adherens junctions) also limit the entry of leukocytes into the CNS [119] . Second, the CNS has been known to lack the classic lymphatic drainage system. Lymphatic vessels have not been found in the CNS tissue. However, functional lymphatic vessels lining the dural sinuses have been recently found [120] . Accordingly, CSF is considered to be a functional equivalent to lymph in the CNS [118] . CSF is produced in the choroid plexus located in ventricles, circulates through the subarachnoid space, drains into the venous sinus of the cerebral hemisphere, and is finally connected to the deep cervical lymph nodes through lymphatics in the dura mater [118, [120] [121] [122] . These modified lymphatics in the CNS provide a route for immune surveillance by leukocytes. The protein Ags derived from the parenchyma readily access lymphoid tissue through the CSF and deep cervical lymph node. Under physiologic conditions, CSF contains few innate immune cells. It contains only a higher percentage of memory or Ag-experienced T cells [123] [124] [125] . These studies suggest that immune surveillance in the CNS is mediated by these cells.
Leukocytes are considered to enter the brain through 2 possible routes (Fig. 7) . Leukocytes can enter across the choroid plexus, which requires the penetration of the fenestrated endothelium and choroid plexus epithelium [118, 123, 126, 127] . The fenestrated endothelium lacks tight junctions and expresses adhesion molecules, such as P-selectin, VCAM-1, and ICAM-1. Leukocytes undergo adhesion, rolling, and diapedesis across the fenestrated endothelium and choroid plexus via LFA-1 and VLA-4. Subsequently, the migration of leukocytes is further blocked by the brain-CSF barrier, which is composed of the basement membrane and tight junctions of the choroid plexus epithelium. The choroid plexus epithelium not only produces CSF but also constitutively expresses the chemokine CCL19 and CCL20, which guide the trafficking of leukocytes to the ventricular space [128, 129] . Endothelial cells of HEVs constitutively express CCL19 and CCL21, and neutrophils transmigrate into lymph nodes via CCL19/21-and CCR7-dependent mechanisms. Neutrophils also enter lymph nodes via afferent lymphatics during bacterial infection. These neutrophils use CD11b and CXCR4, rather than CC7 and CCL19/21, signaling. Lymph node-infiltrating neutrophils form a transient primary swarm, and these pioneering neutrophils release multiple chemoattractants upon pathogen encounter. These chemoattractants further recruit neutrophils into inflammatory foci, forming a persistent, secondary swarm in the lymph node. Figure 7 . The plausible trafficking routes of neutrophils in the brain. Neutrophils might traffic into the brain parenchyma directly from blood capillaries. Circulating neutrophils transmigrate through endothelial cells via LFA-1/ICAM-1 signaling. CXCL12, which is constitutively expressed on the basolateral surface of endothelial cells, further recruits CXCR4 + neutrophils. Glia limitans astrocytes provide a further barrier to the infiltrating neutrophils. Neutrophils are considered to migrate into the brain parenchyma in response to various chemoattractants, including CXCL1 and CXCL2, and to enter the brain across the choroid plexus. Fenestrated endothelial cells lack tight junctions and express various adhesion molecules, including P-selectin, VCAM-1, and ICAM-1. Neutrophils transmigrate through these endothelial cells via LFA-1 and VLA-4. The choroid plexus epithelium constitutively expresses CCL19 and CCL20, which are considered to guide neutrophils to the ventricular space. S1Ps mediate neutrophil egress from the brain. The RMS is a possible candidate as a migratory route for CNS-infiltrating neutrophils.
Leukocytes can traffic into the brain parenchyma directly from blood capillaries [127] . Leukocytes penetrate the tight junctions of the vascular endothelium, cross the glial limitans, and infiltrate the brain parenchyma. Leukocytes undergo adhesion, rolling, and diapedesis via LFA-1/ICAM-1 signaling. Additionally, CXCL12 is constitutively expressed on the basolateral surface of endothelial cells and recruits CXCR4 + leukocytes [123, 130] . The astrocytes of the glia limitans provide a further barrier to infiltrating leukocytes. The perivascular spaces contain high concentrations of CXCL10, which is released from astrocytes [131] . CXCL10/CXCR3 signaling induces the retention of leukocytes within this space. Neutrophils are rarely found in the CNS of healthy humans; rather, they traffic to the CNS when the BBB and vessels are compromised. The infiltration of neutrophils occurs in the mice model of bacterial meningitis [132] , viral-meningitis [133] , viralinduced encephalitis [134] , multiple sclerosis [135] , and Alzheimer disease [136] . Although these studies identified neutrophil infiltration into the brain, the precise mechanism of neutrophil trafficking to the CNS is not fully understood. The trafficking of leukocytes into the CNS is mediated by the chemokines CCL2, CCL3, CCL4, CCL5, CCL19, CCL20, CXCL1, CXCL2, CXCL9, CXCL10, CXCL11, and CXCL12 [123] . Two plausible candidates for neutrophil trafficking to the CNS are CXCL1 and CXCL2. The blockade of CXCR2 inhibits the trafficking of neutrophils to the CNS [137] , and the expression of CXCR2 ligands induces the infiltration of neutrophils into the CNS parenchyma [138] [139] [140] . Other possible candidates involved in CNS neutrophil trafficking are CCL19 and CCL21. These chemokines are constitutively expressed in the normal brain and CSF, and they are involved in the retention of leukocytes within the glia limitans. Because CCL19 and CCL21 have important roles in the trafficking of neutrophils to the lymph nodes, these chemokines might also be involved in the trafficking of CXCR4 + neutrophils to the CNS. LFA-1 integrin mediates the extravasation of neutrophils into the CNS and intraparenchymal motility [136] . Further studies are needed to examine the involvement of other adhesion molecules, such as VLA-4 and MAC-1, in the trafficking of neutrophils to the CNS.
It is questionable whether infiltrating neutrophils egress from the CNS. Interestingly, fingolimod, a S1P receptor inhibitor, induces the accumulation of neutrophils in the RMS in the brain of a mouse model of multiple sclerosis [126] . The RMS provides a route for APCs to travel from the CNS to the cervical lymph node. Fingolimod not only inhibits the egress of lymphocytes from lymph nodes and CNS but also inhibits the egress of neutrophils [126] . Therefore, it is probable that the RMS provides a migratory route for CNS-infiltrating neutrophils.
Although there are still unsolved questions regarding neutrophil trafficking in the CNS, it is interesting that this process closely resembles that in the secondary lymph nodes. Further studies are needed to evaluate this plausible hypothesis.
CONCLUSIONS
Remarkable advances have been made in understanding the trafficking of neutrophils to various organs. The structural characteristics of these organs increase the possibility of neutrophil recruitment, and specific adhesion molecules induce neutrophil trafficking. However, the mechanism of organspecific neutrophil trafficking remains to be studied. The characteristics of endothelial cells in specific organs remain to be elucidated. The expression of specific adhesion molecules and their functions in neutrophil trafficking should also be identified. Moreover, the beneficial and detrimental effects of organinfiltrating neutrophils remain controversial. The phenotype and functions of organ-infiltrating neutrophils during various pathologic conditions also require further study. Therefore, emerging experimental tools, such as microfluidic chamber technology and advanced intravital imaging, would be useful for the study of early diagnostic measurement based on neutrophil trafficking and organ-specific neutrophil infiltration. 
